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Abstract

KEYWORDS : Thermal mode instability; Thermo-optic effect; Beam propagation
method; Steady-state thermal solver; Parallel computing

In high power fiber lasers, presence of high power can induce non-linear effects and
thermo-optic effects which result in modifying the refractive index profile. The objec-
tive of the project is to simulate the consequences of thermo-optic effect on fiber modes
and modal instabilities at the output. Study of thermal mode instabilities can help in
proposing better designs to overcome this bottleneck. Mode instabilities occurring in
optical fibres while guiding high power signal due to thermo-optic effect is simulated
using Python and performance is improved using GPU computing. The model shows
that power transfer between the fundamental and higher-order modes of the fiber can
be induced by interaction through the thermo-optic effect, leading to thermal mode

instabilities.
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Chapter 1

Introduction

Fibers have always been amenable to engineering and have high level of functional-
ity. Fiber lasers combine high average powers, beam quality, small footprint with high
efficiencies. Currently, fiber lasers hold a vast share of the industrial applications mar-
ket. High power fiber lasers are used in variety of applications in communication and
defense applications. The low power fiber amplifiers efficiently used in fiber-based in-
ternet can be scaled massively as industrial laser frontrunner[1]. Experimental research
in power scaling have come a long way but currently, face with the power bottlenecks.
Clear trend is that thermal effects, non-linear effects and damage are becoming key
limiting factors for an increasing number of devices. Extensive theoretical study is

required for understanding and mitigation of this performance boundaries.

1.1 High power fiber lasers

Lasers are based on the amplification of signal by stimulated emission, include an
active medium to provide gain, an optical cavity to enhance and control the optical
field and a pumping source to provide the energy. Details of these features decide the
laser performance, the power scaling capabilities, stability, footprint and cost. Fiber
lasers have the rare-earth doped fibers as the active medium. The brightness, which
determines the acheivable power density on the target is exceptionally high in fiber
lasers. Tunability of the fiber is an attribute of the amorphous nature of glass host in
fiber core which allows inhomogeneous broadening of emission and aborption spectra.
Furthermore, this allows efficient use fiber lasers in ranges from continous wave to
ultra-short pulses[2].

Better thermal management due to large surface to volume ratio of the fibers, su-

perior beam quality and stability due to controlled spatial distribution of the signal,



provided by the continuous guidance, small quantum defect, as well as, low cavity
and transmission losses and small footprint contribute to superior performance of fiber
lasers over solid state lasers[3]. Multiple stages of solid-state lasers can be used as
seeds for the fiber lasers in high power configurations. Average power scaling through
master oscillator power amplifier (MOPA) and cascaded amplifier configurations are
made possible by high gain of fiber amplifier[1]. The high-power handling capability
offered by the geometry of the fiber has led the unparalleled progress of fiber laser

systems to multi-kW industrial systems.

1.1.1 Classic Limitations & Solutions :

Generally, coupling of high power pump to attain high power lasing is difficult
due to small dimensions of core which is required for single mode condition, so as
to avoid dispersion losses. Double clad fiber solves this problem by coupling high
power pump light into the inner cladding, where the pump is guided between inner and
outer cladding. Moreover, this increases the cross-section reducing the brightness and
including multimode effects.

Further drawback in having a long and thin gain medium is nonlinear optical degra-
dation caused by high intensity signals resulting in effects like stimulated brillouin
scattering (SBS), stimulated Raman scattering (SRS), self phase modulation and self
focusing. SBS is caused by interaction of light and acoustic waves propagating in the
fiber. Above a sharp power threshold energy is transferred from signal to frequency
downshifted backward propagating beam. SRS is caused by interaction of light with
molecular vibrations in glass fiber resulting in frequency downshifted beam in all di-
rections. These effects can be mitigated using spectral filtering. SPM occur due to
quasi instantaneous refractive index modification by Kerr effect which modifies the
phase of the light wave through non-linear variation of optical path. Unlike other non-
linear effects that limit the average power, self focusing limits the peak power, which
thus determines the ulitimate limit for the power scaling[4].

The product of peak intensity and fiber length need to be minimised to reduce non-
linear effects. The peak intensity can be reduced by increasing the mode field diameter.
This will in turn increase the pump absorption and the length of the amplifier can be
reduced. Non-linear effects reduces with reduction in the fiber length. However, large
core area in these fibers, to lower intensity below the nonlinearity thresholds leads to

beam degradation through multimode guiding.



1.2 Thermal effects

Thermal effects in fiber was not a major concern for a long time unlike in the solid-
state lasers, owing to the good thermal properties of optical fibers. Nevertheless, with
recent researches like the Ytterbium doped fiber lasers power scalable to 10 kW of
power, limitations due to thermal effects is significant. Thermal effects can create the
refractive index profile changes due to thermo-optic effect affecting the waveguiding.
Thermal mode instabilities (TMI) limit maximum average power obtainable from fiber
lasers. Improved brightness and larger cores have made study on thermal effects more
important in the current scenario.

Due to proximity of pump and signal wavelength, ytterbium is a very efficient
laser ion. The difference determines the surplus heat produced in the medium, which
triggers the thermo-optic effects. High yetterbium concentrations lead to absorption of
pump within first few meters of fiber. For certain wavelengths, the transmission and
scattering losses accumulate causing photodarkening which leads to beam degradation
limiting the lifetime of the fiber laser. Photodarkening manifests itself as a temporal
increase in broadband absorption centered at visible wavelengths[5]. Development of
new silica-based glass hosts have helped in avoiding photodarkening.

Future innovations in materials and fiber designs, following the spectacular progress
in their performance so far, are expected to continue pushing the performance bound-
aries with new radical fiber laser solutions. This necessitates the need to go for in depth

understanding of high power fiber laser dynamics.

1.2.1 Thermal mode instability (TMI)

Mode instabilities is the current challenge faced in power scaling as it restricts the
maximum average power rather than capping the peak intensity. In high power fiber
lasers, operating above power levels of hundreds of Watts exhibit instbilities in beam.
When pump power exceeds certain threshold the beam quality drastically degrades.
Beam quality degradation at the output, in large mode area fibers used in high power
applications, is due to multimode guiding. Mode instability refers to fluctuations in
otherwise highly stable output beam profile of the fiber amplifiers beyond an average
power threshold.

Experimentally, these instabilities were observed in Yb-doped amplifiers pumped
at 976 nm and with signal in the range 1030-1080 nm. Reported instability thresholds
fall in the range of 100 W to 2500 W[6]. Beam shape starts fluctuating once the

average power threshold is exceeded. It retains stability, when the power is lowered



again. Thus a stable regime, a transition region and a chaotic regime was identified for
the output beam.

Above a threshold power, beam shape fluctuates on millisecond scale. These beam
fluctuations are said to occur due to periodic modulation of refractive index profile
of active fiber through thermo-optic effect and/or gain in the medium through Kramer-
Kronig relation. Unlike other instabilities found in similar systems, TMI in fiber can be
mitigated through efficient waveguide design. This project aims at simulating output
signal intensity profile in high power fiber lasers and to study the fluctuations of nor-
mally stable high quality beams emitted by high power lasers observed over a certain
average power threshold.

This report summarizes the attempt to simulate thermal mode instabilities in high
power lasers. Chapter 2 discusses about the physical orgin of TMI. Different phe-
nomena that might result in power transfer between the modes which result in beam
fluctuation and instability are discussed. Chapter 3 describes the assumptions used in
the algorithm and the equations used. Computer implementation and algorithm is ex-
plained in chapter 4. The numerical experiments done using the model is described
in chapter 5. It includes the verification results and simulation output from the model.
Chapter 6 summarizes the model and discuss about the future scope. Appendix on the

analytical solutions of thermal diffusion equation in radial direction is also included.



Chapter 2

Physical Orgin of TMI

Instability within a system is characterized by the fluctuations between two or more
internal states of the system. Thermal mode instability manifests itself as rapid out-
put beam fluctuations when the fundamental mode and first higher order mode (HOM)
interact. Large mode area fibers allow multimode guiding resulting in coherent inter-
ference of modes, creating a quasi-periodic interference intensity pattern. This would
result in a corresponding inversion and temperature pattern which through thermo-
optic would cause a quasi-periodic refractive index variation along the length of the
fibre. This refractive index grating has adequate period to transfer power between
modes.

Few publications have also proposed an additional phase shift between the refrac-
tive index grating and the interference pattern for coupling of modes[9]. The cause of
this additional phase shift is a much debated hypothesis for explaining the occurrence
of the instabilities. It is proposed that when HOM is frequency downshifted with re-
spect to the fundamental mode by a few kHz, a moving interference intensity pattern
is formed. The delayed thermal gratings due to the finite thermal conductivity of silica
creates the neccessary condition for the energy transfer. On the other hand, presence
of non-adiabatic waveguide changes which would result in a phase shift between index
profile and beam intensity is offered as an alternative explanation.

The numerical models usually implemented for each of this proposed theories in-
clude various assumptions to reduce the computational intensity. Our model assumes
steady-state thermal grating without initial phase shift between the modes. Power
transfer between the modes has been studied. The various phenomena that occur in
high power lasers that prefer specific modes and thus dominate the power content in

different modes are discussed below.



2.1 Thermal - induced self focusing

The variation of refractive index of waveguide with temperature (neglecting Kramer-

Kronig effect) is given by eq.(2.1),

dn
wg (1Y) 2n0 AT (x,) 2.1)

n*(x,y) =n
where n,, is the refractive index of the cold fiber, 5—? is the thermo-optic coefficient
(1.2x107°K~!). When the fiber heats up, the temperature increase causing a positive
temperature difference AT (X, y, z), which lead to increase in the refractive index.

In high power fiber lasers, the gain medium is hotter on the beam axis, compared to
the outer regions, causing a transverse gradient of refractive index. The refractive index
would increase in the middle, compared to the outer edges, favouring more power
confinement in the fundamental mode as it propagate along the length. As the beam
propagates along the length of the fiber, this cause self-focusing as the high refractive
index in the middle of the fiber leads to guiding of signal with smaller mode field
diameter. Reduction in the beam further increases the intensity which increases the

self-focusing of the beam.

2.2 Gain Saturation

Gain in fiber amplifiers is a result of dopant ions in the fiber. The inversion level
in the fiber amplifier is due to population inversion of the dopant ions. The inversion
level depends on the power in pump and signal. As the signal power increases or pump
decreases, the inversion level reduces thereby reducing the gain of the amplifier. As
the signal power increases, amplifier saturates and causing reduction in amplification,
thus causing the gain to saturate.

The gain profile is dependant on the signal power profile. At a given spatial po-
sition, the medium sees the superposition of all modes present there. With same fre-
quency in all modes, the medium does not differentiate with them. Thus the modes
avail similar gain at every spatial position. The difference in gain available for differ-
ent modes come from the different spatial profile of the modes. Since the power in
fundamental mode is high, in usual cases it dominates the gain. Near the beam axis,
gain saturates faster due to high power in fundamental mode. At regions were power in
modes are comparable, gain saturation is much slower. When the intensity at the beam
axis reaches the saturation intensity, the amplification for fundamental mode would

be less than that of the higher order modes. In this case, the higher order modes are
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preferred. The figure in Fig.2.1 shows the gain curve for a pump power of 300 W,
with markers for saturation signal power and input powers of fundamental and higher
order modes used in the simulation model. The pump power is already in the satura-
tion regime. The signal input powers in all modes are also saturated making effects of

saturation regime inevitable.
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Figure 2.1: Variation in gain for fundamental and higher order modes

Thermal effect along with gain saturation can cause power transfer. Power transfer
require the nonzero overlap between the modes of the fiber which occur when the

refractive index is perturbed by the thermal profile.

2.3 Thermal grating

Transfer of power between otherwise non-interacting modes of fiber can be possi-
ble in presence of temporally varying thermal gratings. Variations in electric tensor is
considered as a perturbation that couples the unperturbed normal modes of propaga-
tion of the structure. When the dielectric constant is perturbed, the unperturbed modes
are no longer eigenmodes of the perturbed system, allowing them to transfer energy.

The multimode waveguide has intensity variations along the length of fiber due to

coherent interference of the mode. These variation result in a corresponding inversion



profile which heats up the medium, causing index gratings along the length. The beam
does not diffract with its own intensity due to lack of phase matching[8]. But when
the grating period matches the beat length of intensity variations, the modes couple
energy.

Our model uses beam propagation method along with steady-state thermal solver
to study these phenomena along the length of the fiber. The model which works in
saturation regime, in presence of thermal induced grating simulates self-focusing and
gain saturation, and coupling of the perturbed modes. The theoretical background for

model is disucussed in detail in the next chapter.



Chapter 3

Beam propagation method

A 3D beam propagation model (BPM), including laser gain for spatial evolution of
signal fields along with 2D steady state thermal solver is used for studying the power
transfer between modes of fiber and beam fluctuations at the output.

For BPM, each propagation step is taken as a fraction of intermodal beat length,
taking care that there is enough sample points in each beat length for tracing the pa-
rameter varitions along length. Since the speed of light is very much higher than the
speed of thermal diffusion, rate calculations can be done multiple times before a ther-

mal calculation.

3.1 Model assumptions and equations

Signal is launched into the core while the pump is guided by the inner cladding in a
double clad fiber. A constant pump power profile can be considered as multiple modes
are allowed for the pump in the inner cladd due to large numerical aperture. The signal
modes are calculated as the solutions of scalar wave equation. A lossless and perfectly
reflecting optical boundary condition is used. A subgrid around the core can be used
for FDM calculations of scalar wave equations and rate equations, since the signal is

confined only in the core were the doped ions are present

3.1.1 Scalar wave equations

Scalar optical wave equation valid for a weakly-guiding fiber [9] is given by eq.(3.1),

V2E (x,y,2) +n*(x,3,2)k3E (x,,2) = 0 (3.1)

where kg = %, free space wave vector, n(x,y,z) is the refractive index profile and



E(x,y,z) is the electric field distribution.

Invoking slowly varying envelope and paraxial approximation, we have eq.(3.2),

d
[—%ﬂgz+V?+n%mxz%%—ﬁﬂE@mx)=0 3.2)

where f3 is the wave vector describing rapid oscillations in propagation direction,
V2 is the transverse Laplacian operator.
Setting %€ =0 and 2 =0, yields eq.(3.3),
D P RIE () = () (3.3)
—+ == +n(x xX,y) = X .
axz ayz 1 Y)Ko Y Y
Applying FDM, we have eq.(3.4),

E(x+Ax,y) +E(x,y+Ay) + E(x — Ax,y) + E(x,y — Ay) —4E(x,y)

A2 +n?(x,)kGE (x,y) = B2E(x,y)

3.4)

we obtain an eigen equation which is solved using ARPACK package which use

iterative Arnoldi method to find the first three eigenvalues B, B, B3 and corresponding
eigenvectors e (x,y), e2(x,y), e3(x,y). e;(x,y) is normalized electric field correspond-
ing to i mode of the fiber. The second and third modes are degenerate higher order
modes. The power in other high order modes are assumed to be negligible. Also,
bend-induced mode distortion and other bending losses are not accounted for.
Renormalization

The normalized electric field profiles are renormalized using eq.(3.5),

Pyi(x,y,20) = Pi(z0)ei(x,y,20)] (3.5)

where Py;(x,y,z0) is the signal power profile, P;(zg) is the total power and e;(x, y,79)
is the normalized electric field profile for i mode at length zq of fiber.

After obtaining ¢;(x,y) as the eigen vector of the scalar wave equation, envelope is
allowed to slowly vary along the length of the fiber according to the rate equations in
the fiber amplifer.

3.1.2 Gain and heat deposition

Gain is instantaneously determined by the local pump, signal intensities in the fiber.

10



The intensity profile of pump and signal at zg is given by eq.(3.6), eq.(3.7) respec-

tively,
P ump(ZO)
I (x,y,20) = —222 (3.6)
b ( ) Areainnercladd
3 .
| 'Zl V Pi(ZO)ei(x7y7Z0)eJﬁizo|2
Is(x,y,20) = = (3.7)

AxAy
An active media for which the atomic energy level populations are determined by
two-level rate equations is assumed. The doped region is assumed to be circular and

uniform. The excited ion population is given by eq.(3.8),

Is(x7y7Z0)GaST + Ip(.x,y,Z)O-apT

. hvy hvp
NZ (x’y7 ZO) o NtOt (X7y7 ZO) 1 IS(L%ZO)(Gas"‘GeS)T [1)(X7Y7Z0)(C7ap+0'ep)f (38)
+ hv + hv,
The ground state population is given by eq.(3.9),
N1(x,3,2) = Nyor (x,3,2) — No(x,3,2) 3.9)

Assuming negligible attenuation and scattering losses, the gain profile for the signal

and pump is given by eq.(3.10), and eq.(3.11) respectively,

gs(x,y,z) :Nz(x,y,z)oes—Nl(x,y,z)oas (3.10)

gp(xayvz):NQ(xayaz)GE[J_Nl(x7y7z>cap (311)

Power profile of i""mode after propagating dz length, changes according to eq.(3.12),

PSi(-x?y:ZO —I—dZ) = Psi(xayaz())(l +g(x7yvz())dz) (312)

Total power in ' mode is given by eq.(3.13),

Pi(z0+dz) = / / Pyi(x,y,20 +dz)dxdy (3.13)

The total pump power after dz propagation step is given by eq.(3.14),
Ppump(20 + dz) = Ppump(20) + / /(Ip(X,)% 20)8(x,y,20)dz)dxdy (3.14)

11



The heat load is calculated neglecting the contribution from the spontaneous emis-

sion is calculated using eq.(3.15)[10],

Q(X,y,z()+dz) = (% - 1)(13()6,)),20 —|—dZ) _Is(x7yaZ0)) (315)

s

The diffusion of heat in the fiber is implemented using the heat diffusion equation.

3.1.3 The steady-state heat equation

The heat equation is given by eq.(3.16),

W = pﬁcvzr(x,y,z,z) + p%Q(x,y,z,t) (3.16)
where T is the temperature, Q is the heat power density, K is the thermal conduc-
tivity, p is the mass density and C is the heat capacity within the fiber.
The steady-state heat equation with a heat source (inhomogeneous case) is a Pois-

son’s equation eq.(3.17),

_Q(xaya ZO)
k

The thermal properties of the system of the system is considered constant in the

V2T (x,y,20) = (3.17)

cross-section. Dirichlet boundary condition is applied in x and y direction as the fiber
is surrounded by a heat sink. The diffusion in z direction can be neglected as the heat
sink in radial direction is closer than thermal propagation step. Free convection is
assumed to be an order of magnitude less efficient than conduction for dissipating heat

from the optical fiber. Thus we have eq.(3.18),

azT(x7yaZ0) + aZT(x7y7Z0) _Q(x7y7Z0>

= 3.18
dx2 dy? K (318)
Applying finite difference method, we have eq.(3.19),
Tt Avy20) +7(x = Ay, 20) = 2T (v,3,20) | Ty +48y20) + Ty~ Ay20) ~2T(@320) _ —Q520) (5 19,
Ax? Ay? K ’

where Q is the heat power density, K is the thermal conductivity .

Since it is assumed that the only source of heat in the fiber is due to amplfication
in fiber, the heat source is present in the core only.

The AT (x,y,70) obtained as the solution of 2D heat equation changes the refractive
index profile through thermo-optic effect.

12



3.1.4 Thermo-optic effect

The refractive profile of the waveguide is influenced by the gain within the core

and thermally induced refractive index profile as in eq.(3.20),

d
”2(%)’, Z0+dZ) = nz(x,y, ZO) +in(xay7 ZO)g(xaya ZO) +2n(x7y7 ZO)d_;AT(xayv ZO) (320)

where the refractive index is changed by the Kramer-Kronig and thermo-optic ef-
fect. But the influence of Kramer-Kronig can be neglected as the change is relatively

small compared to the thermo-optic effect.

3.1.5 Perturbed modes

The change in dielectric constant is considered as a perturbation and the modes for
the perturbed refractive index profile is calculated again using the scalar wave equation
after every thermal propagation step. The power transferred into the perturbed modes

is calculated using the overlap factors between both the set of modes using eq.(3.21),

| f fei<x7y7Z0)ej(x7y7Z0 +dZ)dXdy|2

I = (3.21)
Y S leilx,y.z0)Pdxdy [ [ lej(x,y,20 +dz)[duxdy
where 1 and j vary from 1 to 3.
The power transferred to i**mode is given by eq.(3.22),
3
P(x,y,z0+dz) =) Ti;P;(x,y,20) (3.22)
=1

J

with zo varied along the length of the fiber.

No material scattering loss and bending loss is assumed. Pump and signal linewidth
is considered to be negligible.

The algorithm followed in the model, computer implementation of the model FDM
methods and scope of improvement in performance using parallel programming is dis-

cussed in the next chapter.
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Chapter 4

Computer Implementation

A 3D beam propagation model along with 2D steady state thermal solver is used to
study the power transfer between modes of fiber and beam fluctuations at the output.
This model has optical propagation step of 100 um for rate calculations and thermal
propagation step of 4 mm. A 2D grid of 383 x 383 was considered for thermal calcu-
lations in cross-section of the fiber. The mode calculations use a subgrid of 95 x 95
around the core.

At the start of simulation, initial refractive index profile, temperature distribution
and input pump and signal powers were specified. 95% of the input signal power is
assumed to be in the fundamental mode and the rest in the higher order modes. The
power in other higher modes are considered negligible. Finite difference method is
used to solve the scalar wave equation. ARPACK package is used to find the sparse
linear system solution for the eigen equation.

The steady state rate equations are solved to find the fraction of excited dopant
profile and thus track the increase in power profiles with gain. The surplus energy ab-
sorbed by the active medium is considered as the heat source for the thermal solver with
calculates the temperature difference along the cross-section of fiber with a Dirichlet
boundary condition. This is considered to perturb the dielectric constant profile which
affects the power coupling between modes.

A flowchart of the algorithm used for the model is given below. The matrix for-
malism for the input sparse matrix to ARPACK package and eigensolution retrieval is

explained briefly.

4.1 Algorithm

The following algorithm was used in the model.
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4.1.1 Matrix formalization

The scalar wave equation is an eigen equation of the form,

AX = AX 4.1

where A is the operator matrix , which when diagonalized and solved would yield
the set of eigenvalues and corresponding eigenvectors.
Applying FDM to eq.(3),

Eiprj(6y) +Einrj(6y) —2E(xy) | Eijr1(6y) +Eijo1(xy) = 2Ei j(x,5)
i+l tAxé + L leyz iJ +n,-2,,-(x7y)k(2)E,-.j(X,y):Bin,j(x>>') 4.2)

where i and j are indices of matrix.
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(4.3)
The electric field in each grid corresponding to the cross-section of the fiber is
mapped into a column matrix. The discretized wave equation is translated into matrix
formalism where the basis electric field profiles are given by this column matrices.
The operator matrix will have the whole information about the system. The operator
A turns out to be a sparse matrix, with non-zero elements in the main diagonal and -1,
1, Nx and -Nx diagonals. The coefficients of E; ;(x,y) are the main diagonal elements,
Ei_1,j(x,y) and Ei1 j(x,y) are the lower and upper diagonals respectively. E; j_1(x,y)
will be present as the Nx' lower diagonal and Nx'" upper diagonal corresponds to
E;j+1(x,y). This is because, in our mapping, the 2D matrix of the cross-section is
mapped into the column matrix for the electric field profile in row major form. So, the
(j— 1) and (j+ 1)" will correspond to Nx'" lower and upper diagonals.

In our model, sinceAx = Ay is considered, the eigen equation is simplified to,

EH»]J(X,y) +E'l'.,]'<~’1 (‘xvy) +Ei*l7j(x7y) +El‘7j*l (x,y) - 4Ei7j(x7y)
Ax2

+ 7 (2, )k Ei j(x,y) = BE; j(x,y)
(4.4)
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4.1.1.1 ARPACK package

The eigen equation which is solved using ARPACK package which use iterative
Arnoldi method to find the first three eigenvalues. In numerical linear algebra, the
Arnoldi iteration is an iterative eigenvalue algorithm. It gives partial results after small
number of iterations unlike the direct methods. Arnoldi iteration is a large sparse
matrix algorithm. It does not access the elements of the matrix directly, but rather
makes the matrix map vectors and makes its conclusions from their images[1]. Arnoldi
iteration used for solving sparse non-Hermitian matrix while Lanczos iteration is for
the Hermitian matrix.

ARPACK is a Fortran package which provides routine for quickly finding eigen-
values and eigenvectors of large sparse matrices. All of the functionality provided
in ARPACK is contained within the two high-level interfaces scipy.sparse.linalg.eigs
and scipy.linalg.eigsh. eigs provides interfaces to find the eigenvalues/vectors of real
or complex nonsymmetric square matrices, while eigsh provides interfaces for real-
symmetric or complex -hermitian matrices.

To increase the speed of mode calculations, eigen values are calculated around
guess, B2 = (Z}L—”max(n))z. Use of guess eigenvalue provides a six times performance
improvement. The solver calculates first three eigenvalues 1, B, B3 and correspond-
ing eigenvectors ej(x,y, ), e2(x,y), e3(x,y). e;j(x,y) is normalized electric field corre-
sponding to i mode of the fiber. The second and third modes are degenerate higher
order modes.

The optical power profile and propagation, determined by this electric field pro-
file is spatially independent. This facilitates use of parallel computing techniques to

improve the performance.

4.2 Parallel Computing

Parallel programming is a useful approach to program computationally heavy sim-
ulations. Parallel computing is the computation in which many calculations or the
execution of processes are carried out simultaneously. Parallelism can be bit-level,
instruction-level or task level. Instruction level parallelization is done in absence of
data dependency. In contrast to data parallelism, where same calculation is performed,
task parallelism have different processors, each allocated with a sub-task.

Classes of parallel computing include multi-core computing, distributed comput-

ing, cluster computing, general- purpose computing on graphic processor units (GPGPU)
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etc. GPUs are heavily optimized for computer graphics processing, dominated by data
parallel operations. Accelerated computing use both CPU and GPU to run the work.
In such programs, CPUs act as the host and call GPU to run heavily loaded part of the
code. CPUs are optimized for latency and GPUs are throughput optimized. GPUs can
be used best for parallel computing of independent and countable steps. Performance
of the program can be increased using accelerate libraries, further by high level paral-
lel programming directives like OpenACC or by low level, less portable languages like
CUDA or combinations of them.

PyOpenCL 1is used here for the implementation of optical propagation in the al-
gorithm for thermal mode instability using Intel Corporation second generation core

processor GPU for improved performance.

4.2.1 Performance Improvement using GPU :

The Table.4.1. shows improvement in compute time for different sets of rate cal-
culation iterated on GPU. Transferring of variables from CPU to GPU will have an
overhead, but operations in GPU are much faster as operations are done in parallel
using threads. So with increase in number of iterations gives better performance. The
table is for rate calculations for a 95x95 matrices for powers and intensities of signal
and pump using (95, 95) threads for 100 um space steps. The duration for CPU and
GPU computation for 10, 100, 1000 and 10000 iterations and performance improve-
ment using GPU is tabulated.

No.of rate steps ‘ Time on CPU(sec) ‘ Time on GPU(sec) ‘ Performance Improvement

10 0.0096 0.00337 2.84x
100 0.0946 0.0036 26.27x
1000 0.9470 0.0183 51.74x
10000 9.352 0.183 51.1x

Table 4.1: Performance Improvement on GPU

It was identified that, parallel computation would be helpful in performance im-
provement when the overhead of information transfer between CPU and GPU is com-
pensated by the improvement by GPU computation. This is much evident in case of

calculations which require high computation on GPU like longer iterations.
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Figure 4.1: Improvement in performance for different iterations while using GPU instead of
CPU

In our algorithm, the rate equations can be parallel computed using GPU as the
power profiles are independent of the other grids. This allows use of multiple threads
for each grid to improve performance. In current implementation, since the number of
optical steps before a thermal calculation is around 40, the performance improvement
using GPU would not be significant. Thermal calculations and eigenvalue calculations
are not independent grid calculations making it difficult of parallelization. A different
approach in this calculations will be required to improve the overall performance. In

current implementation, the thermal calculation limits the speed of computation.
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Chapter 5

Numerical experiments and results

A step index fiber with dimensions and properties was given in Table.5.1 was sim-
ulated. The model was run for fiber length of 1.63 m using the beam propagation
method. Convergence of various numerical parameters including tolerance and space
step was studied. The rate equation modelling was verified against the experimental
results and RP simulations. The thermal solver was verified against the analytical so-

lutions. The parameters used in the model, verification results and simulation results

are described below.

5.1 Model Parameters

The parameters used in the model was similar to parameters from ref.[12].

Number of grid points in the radial direction for thermal 383
calculations
Number of grid points of the truncated region in the X and 95
Y directions
Optical propagation step 100 um
Thermal propagation step 4 mm
Core radius (a) 37 um
Inner cladding radius(b) 85 um
Outer claddingradius(c) 200 um
Permittivity of outer cladding 2.0736
Permittivity of inner cladding 2.0740
Permittivity of core 2.0745
Signal wavelength 1.064 um
Pump wavelength 0.977 um
Signal input power 100 W
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Pump Input power 300 W
Upper state lifetime 850 us
Signal Frequency 281954887.21 MHz
Pump Frequency 307062436.02 MHz
Signal emission cross section 3.58 x 107 m?
Signal absorption cross section 6.00 x 10~?"m?
Pump emission cross section 1.87 x 10~ % m?
Pump absorption cross section 1.53 x 10~%*m?
Yb dopant concentration 3.5x10°m™>
Thermo-optic coefficient 1.2x 107K !
Core and cladding thermal conductivity 1.38 W/Km
Background Temperature 300 K

Table 5.1: Parameters used in the model

5.2 Verifications

The results obtained from the simulations were verified at different steps to ensure
accuracy of the simulations. Convergence of various parametres used in the code was
studied. The space step used for optical calculations and thermal calculations were
studied to identify the convergence. The thermal steps were selected such that there is
enough data points between each beat length, to study variation in different parameters
with length.

The theoretical beat length of 24 mm was verified using simulations. The intensity
variations in presence and absence of gain was studied at centre grid. The results ob-
tained after rate calculations was verified against RP simulation data and experiments
for various stages of experimental high power laser setup.

The numerical thermal calculations were verified against analytic equations [14].

The tolerance of thermal calculations were studied to find the appropriate tolerance.

5.2.1 Space step (dz) convergence

The convergence of space step was identified by varying the space step as lcm,
Imm and 100 um. The pump and signal power in an fiber amplifier of length 1.63 m
was simulated using the rate equations for each of the space step. The results were
plotted to identify the space step for which results converge. The results were found
to converge for space step of 1 mm. 100 um space step was used in the simulation for

optical propagation calculation using the rate equations.
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Figure 5.1: Convergence of optical space step: The (a) pump and (b) fundamental mode pow-
ers shown are the total power in the pump or fundamental mode in the cross-section calculated
after propagating through space steps of 1cm, 1 mm and 100 um
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5.2.2 Intensity variations in presence and absence of gain
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Figure 5.2: Intensity variation at an offset point 5 um away from centre of fiber, calculated
after space step of 4mm along length of the fiber in (a) absence and (b) presence of gain
medium.

The intensity due to presence of multiple modes in the medium was studied along
the length of the fiber in presence and absence of gain. Due to coherent interference

of modes of the fiber, a beat length corresponding to difference in the propagation
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constants is present along the length of fiber. A beat length of 24 mm was observed.
Thermal step of 4 mm is considered such that there is atleast six points per beat length.
This enables study of various parameters along the length of the fiber. The beating
between these modes are visible at offset points rather than at the centre, due to dom-
inance of fundamental mode with high intensity at the centre. At offset points the
intensity due to higher order modes are comparable with that of fundamental mode
which increases the visibility. Fig.5.2 shows the variation in intensity at an offset point
5 um away from centre of fiber, calculated after space step of 4 mm along length of the
fiber. An offset point is considered as the beat length is much evident at an offset point

than at the centre.

5.2.3 Gain saturation for the modes

As shown in Fig.2.1, the input pump power of 300 W and signal power for LPy;,LP;,,
and LPyy,, are in saturation regime, causing gain saturation for the signal propagates
along the fiber. Out of the 10 W input power, 9.5 W is excited as LPy;, mode and rest
equally into LPyy,, and LPyj,. Due to high power in the LPy;, mode, the excited ion
population is decided largely by this mode. The gain saturates faster at the centre of
the fiber, due to presence of high power LPy; mode. To the outer edges, where power
in the fundamental mode is comparable with higher order mode, gain saturation is de-
cided by the total signal intensity. This is because the frequency of all these modes are
the same, and the medium cannot differentiate among this modes. Thus, the effect of
gain saturation on the modes is thus solely due to the gain profile.

Due to higher power in fundamental mode, the gain available for this mode is lower
than that of higher order mode. Thus the amplification seen by the fundamental mode
along the length would be less than that of the higher order mode. This would result in
slight increase in higher order mode power content compared to the fundamental mode

as larger pump power would be transferred to the higher order mode.

5.2.4 Verification of results with experimental data

The simulation results were verified against the RP simulation results and exper-
imental results obtained from experimental setup for high power laser with various
stages. The power is increased in different stages to obtain the high power. The results
match the experimental data. In stage II, the simulation results match the experimental
data than the RP simulations.

Fig.5.3. shows the plots for verification of TMI simulation results against exper-

imental data and RP simulation data for amplification through fiber amplifier. The
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output signal power was plotted against different input pump power for various stages

of high power laser setup. Stage I has input signal power of 36 mW amplified through
1.5 m fiber. Stage II and stage III have input signal powers of 90 mW and 2.26 W and

are 5 m and 3.3 m long. The simulations in TMI code and RP Fiber Power software is

done for space step of 100 um.
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Figure 5.3: Verification of TMI code results against experimental data and RP simulation
data : The output signal power was plotted against different input pump power for stage, input
power and length of the fiber respectively in (a) stage I, 36 mW, 1.5 m; (b) stage II, 90mW, 5m
and (c) stage 111, 2.28 W, 3.3 m. The simulations in TMI code and RP Fiber Power software is

done for space step of 100 um.
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5.2.5 Verification of thermal solver

A 2D thermal solver is used in the model to calculate the temperature variation
inside the fiber due to absorption of signal by the medium. Finite difference method is
implemented to solve the steady-state heat equation. The diffusion along the length of
fiber was considered negligible. Uniform thermal conductivity was assumed across all

directions of fiber.
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Figure 5.4: Verification of numerical thermal results against analytical solution for Dirichlet
boundary condition : For a double-clad fiber cross-section with uniform thermal conductivity,
the temperature variations along the radial direction with heat source of 40 W present in the
core of the fiber was calculated for a tolerance of 1078,

The steady-state thermal solver was verified against the analytical results in radial
direction for Dirichlet boundary condition. The analytical solutions used is given in
appendix. Tolerance of 10~® was found to be appropriate for thermal calculation. The
time taken for each thermal calculation was limited by this, which limited the overall
performance of beam propagation model.

Fig.5.4. shows the temperature variations along the radial direction with heat
source of 40W present in the core of the double-clad fiber calculated for a tolerance of
10~8. The analytical and numerical solutions converge for this tolerance. The verifica-
tion was done using the steady-state heat equation in radial direction, which was latter

used to verify the 2D numerical solution in cartesian coordinates.
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Diffusion in z direction : The diffusion in z direction is usually neglected in thermal
instability models. Feasibility of this assumption in our model was studied. A 3D
thermal solver was used to solve for a 4 mm long cylinder with thermal properties
similar to the double clad-fiber of 200 um radius as used in the model. Two heat source
of heat source of 40W was considered to be present at 750 tm and 2.5 mm with a heat
sink of 300 K present around the cylinder. The results of steady-state 3D thermal
calculation showed that the temperature diffuses back to background temperature of
300 K within 200 um due to presence of heat sink in radial direction which absorbes
the heat. This is shown in Fig.5.5 which shows the variation of temperature along
length at the centre of cylinder. Thus neglecting z diffusion can be assumed when
considering uniform thermal conductivity in all directions, allowing consideration of
slices of fiber after 4 mm to be thermally independent.

Thus the model uses a 2D steady-state thermal solver with tolerance of 10~ and

Dirichlet boundary condition for temperature calculations.
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Figure 5.5: The variation of temperature along length at the centre of cylinder of radius 200
um placed in heat sink of 300 K with heat sources at 750 ym and 2.5 mm.

5.3 Comparison of output parameters in the presence

and absence of thermo-optic effect

The signal and pump power in the fiber is studied in presence and absence of

thermo-optic effect. Variation of parameters was studied and resultant physical conse-
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quences were inferred.
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Figure 5.6: Heat source generated in fiber amplifier cross-section due to thermo-optic effect
when optical space step of 100m and thermal space step of 4 mm is considered.

In the absence of thermo-optic effect, refractive index is uniform along the length
of the fiber. The signal and pump pass through this active medium, amplifying the
signal modes independently and completely absorbing the pump power by the end of
the 1.63 m fiber. In this case, the modes propogate unperturbed and do not interact
with each other.

When the thermo-optic effect is considered, the thermal gratings induce refractive
index variations. The thermal grating formed depends on the gain as shown in Fig.5.6.
The modes propagating through this perturbed medium, are no longer the eigenmodes
of the system, thus coupling power between them. The fundamental mode couples
energy to the higher order modes. The power in fundamental mode is much lower in
presence of thermo-optic while the power in higher order mode is significantly higher.
This further enhances the grating and result in formation of mode flucctuations Fig.5.7.
shows the comparison of signal power in fundamental and higher order modes, change
in refractive index and pump power along the length of fiber in presence and absence

of the thermo-optic effects.
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Figure 5.7: Comparing variation in (a) signal powers in fundamental mode, (b) higher or-
der mode, (c) refractive index in centre grid and (d) pump power in presence and absence of
thermo-optic effects, when optical space step of 100um and thermal space step of 4 mm is
used.

Temperature profile variation and refractive index grating along the length of the
fiber is shown in Fig.5.8. The intensity which vary along the length with a beat length
causes inversion and thus temperature profile variation in similar manner. Refractive
index grating is formed by variation in refractive index profile through thermo-optic
effect. When the beam propagating along the fiber core sees this perturbation, the
modes cease to be the eigenmodes of the perturbed system resulting in power transfer
to the perturbed and continue to propagate as the perturbed mode. In this fashion, the
energy from fundamental mode gets transferred to higher order mode thus resulting in
mode intensity profile variations. When this happen in presence of temporal grating, it

result in beam fluctuations.
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Figure 5.8: (a) Temperature and (b) refractive index profile along the longitudinal section of

In presence of thermal mode instabilities, the output fluctuate between the funda-
mental and higher order modes. Steady-state model would show power transfer from
fundamental to higher order modes as signal propagates along the fiber in presence of

thermal grating. The refractive index grating formed due to thermo-optic effect allows



mode coupling between otherwise orthogonal modes.

The ratio of input and output powers in presence and absence of thermo-optic ef-

fects were studied. The fractional mode content in each mode along the length of the

fiber was plotted to study the power transfer between the modes.

Signal power in Input Output without thermo-optic | Output with thermo-optic
Fundamental mode | 9.5W | 95% | 270.93 W 94.26 % 61.8 W 39.64%
Higher order modes | 0.5 W | 5% 16.5W 5.72% 94.08 W 60.35%

Ratio(FM:HOM) 19.0 16.42 0.65

Table 5.2: Ratio of powers at input and at output with absence and presence of thermo-optic

effect
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Figure 5.9: Normalized power in LPy;, LP}14, and LPy;;, showing power transfer as the beam
propagates in presence of thermo-optic effect along the length of fiber.

The fraction of power in higher order modes increases when themo - optic effect

is considered. The power transfers from fundamental to higher order mode as signal

propagates along the length of fiber in presence of thermal induced refractive index

grating. Fig.5.9 shows the power transfer between the modes in presence of thermal

grating, as the normalized power content in fundamental mode decreases with length

while that in higher order mode increase with length.
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Figure 5.10: Various intensity profiles at the cross-section towards the end of the fiber.

The current steady-state model successfully simulated the power transfer between
modes which can cause temporal fluctuations in output beam of high power fiber laser
in a transient model. As shown in Fig.5.10, to the end of the fiber, when the higher
order mode power increases the intensity starts fluctuating. The net intensity of modes
at the cross-section shows instability. Presence of these different profiles in a steady-
state model, would be transferred to temporal flucctuations in modes in a transient

model, thus leading to mode instabilities at high powers.
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Chapter 6

Conclusion

6.1 Summary of work done

A steady-state model of thermal modal instability in fiber amplifiers has been pre-
sented. This model uses a 3D BPM combined with 2D thermal solver, to study ther-
mal induced intensity fluctuations. The mode calculations were done using ARPACK
package. The numerical solver was verified at different stages to ensure the accuracy
of simulation. The scope of parallel computation to improve the performance of the
model was studied.

Various physical phenomena that occur in high power fiber lasers were studied us-
ing the model. Gain saturation of the modes and thermal gratings formation which
allow power coupling was observed. The physical origin of thermal mode instability
was investigated using the model. The signal and pump propagation through the fiber
in presence and absence of thermo-optic effect was studied. The refractive index in-
crease with increase in temperature. Fundamental mode power and increase in higher
order mode powers were observed in presence of thermo-optic effect. The steady state
model used was able to simulate power transfer between the modes, which is the pri-

mary condition for thermal mode instability in high power fiber lasers.
6.2 Future scope

The model presented here enables numerous further investigations, of which a few
are briefly discussed below.

A transient model is found to be neccessary to model temporal fluctuations in the
output beam of high power fiber lasers due to thermal mode instabilities. A tran-

sient model which solves the time-dependent heat equation can study the different
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time scales present in the phenomena. The speed of optical propagation and time dif-
fusion need to be quantified to find the appropriate algorithm which will allow better
scope for parrallel computing. This can also study the build up and decay times of the
instability.

Although former models in this study could provide invaluable insights into the
physics and origin of mode instabilities, they are generally too computationally inten-
sive. This can hinder its ability to evaluate the impact of potential mitigation strategies
effectively. For such a purpose, a quick and easy way of determining the threshold
is preferable, eventhough it might sacrifices a certain degree of accuracy. A tran-
sient desktop model can be made possible using further inclusion relevant approxi-
mations and extensive mathematical and computational methods. Effective algorithms
and parallel computational approach might help in this purpose. Better algorithms in
eigenmode calculations and thermal solver which allow more parallel computations is
required to improve the overall performance.

The hypothesis on physical origin of TMI is still unclear. Further experimental
and theoretical work on this is neccessary to find mitigation strategies for TMI which
currently limits the power scalability. Furthermore, this model did not predict TMI
threshold and study different regimes of mode instabilities. TMI threshold prediction

can be compared with experimental thresholds to quantify the accuracy of the model.
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Appendix A

Analytical solutions for steady-state heat equation

The model for solving the heat distribution [16] in double clad fiber cross-section in
radial direction is shown in Fig.1.

Figure A.1: Model for solving the temperature distribution of double clad-fiber cross-section

(Ref:[16])

Applying the thermal conduction equation,

19, JdT(r) -0

ror I or I= K
where a,b,c are the core, inner cladding, and outer cladding radii, Q is the heat power
density, and K is the thermal conductivity. Considering the continuity of temperatures
and their derivatives at boundaries,

(A.1)

oT
5 l—o=0 (A2)
0T
k3a—r3 |l r—e=h[T. — T5(r = ¢)] (A.3)

where h is the convective heat transfer coefficient and 7; the coolant temperature.
Applying these boundary conditions, the following analytical solutions were ob-
tained in regions I, IT and III.

2
qi1a C
—In(- A4

2 2 2
qia-  qia”  qia b
T, =T In(2
0= et e T a T ok n()+
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Ty(r) =Ty — DL N9y, 2y D4y, " A5
W) =T =~ 2 M) 3 G (A-5)
2 2
q1a qia r
() =T, — L& D9y, r A6
2(r) =To W 2% (a) (A.6)
qir?
Ti(r)=To— Tk (A7)

Ty is the temperature at the centre. 77, 75, and 73 are the temperatures in region I,
IT and III respectively.
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